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Abstract 

A  Mach-Zehnder  interferometer  was  applied  to 
radiographic  diode  studies  conducted  on  the  high- 
impedance  Mercury  pulsed-power  generator.  The 
interferometer  was  fielded  in  both  quadrature  and  high- 
sensitivity  arrangements  to  measure  the  density  of  the 
expanding  electrode  plasmas  in  a  self-magnetic  pinch 
diode.  A  phase  shift  corresponding  to  an  electron  density 
on  the  order  of  1015  cm  3  was  observed  at  several  locations 
across  the  gap  during  the  x-ray  pulse,  rising  to  a  value  of 
5xl015  cm3  at  the  time  of  impedance  collapse. 
Measurements  were  also  made  of  a  plasma  pre-fill  with  a 
chord-integrated  density  of  1014  cm2  that  was  injected 
prior  to  several  of  the  pulses  and  affected  the  diode 
impedance.  The  reported  work  represents  significant 
progress  in  the  effort  to  overcome  the  challenges 
associated  with  measuring  the  electron  density  of 
radiographic  diodes. 


I.  INTRODUCTION 

A  Mach-Zehnder  interferometer  was  applied  to 
radiographic  diode  studies  conducted  on  the  high- 
impedance  Mercury  pulsed-power  generator  [1,  2]. 
Mercury  is  a  magnetically-insulated  inductive  voltage 
adder  (IV A)  designed  to  produce  a  50-ns  pulse  at  6  MV 
and  360  kA  across  a  vacuum  diode.  The  environment 
associated  with  radiographic  diodes  driven  by  such  a 
machine  is  a  difficult  one  in  which  to  make  density 
measurements  by  interferometry.  Both  previous 
measurements  and  the  measurements  discussed  in  this 
paper  have  suffered  from  the  deleterious  effects  of 
spurious  x-ray  signals,  electrical  noise,  and  plasma 
emission  [3].  The  compactness  of  the  diode  and  the 
potential  for  high  density  gradients  further  complicate  the 
problem.  To  date,  reliable  measurements  of  the  densities 


during  operation  of  the  diode  and  at  impedance  collapse 
have  been  confounded  by  this  difficult  environment. 
They  have  instead  produced  a  record  of  the  arrival  time,  at 
various  measurement  locations  across  the  diode  gap,  of 
what  is  believed  to  be  a  strong  density  gradient  due  to  the 
expanding  electrode  plasmas.  This  density  gradient 
results  in  significant  refraction  of  the  beam  and  renders 
the  interferometer  phase  shift  measurement  unusable  after 
the  arrival  of  this  front. 

The  research  discussed  here  has  resulted  in  the 
identification  of  appropriate  solutions  to  many  of  the 
problems  faced  in  measuring  the  electron  density  of 
radiographic  diodes.  Section  II  contains  a  description  of 
vacuum  SMP  diode  density  measurements  made  using  the 
Mach-Zehnder  interferometer  in  a  quadrature 
arrangement.  Section  III  describes  how  the  interferometer 
was  converted  to  high  sensitivity  and  used  to  measure  the 
chord-integrated  density  of  a  pre-fill  plasma  injected  prior 
to  several  SMP  diode  pulses. 


II.  SMP  DIODE  DENSITY 
MEASUREMENTS  WITH  A 
QUADRATURE  INTERFEROMETER 

A.  SMP  Diode  Operation 

The  interferometer  was  fielded  in  a  quadrature 
arrangement  to  measure  the  density  of  the  expanding 
electrode  plasmas  in  a  self-magnetic  pinch  (SMP)  diode. 
As  shown  in  Fig.  1,  the  diode  consists  of  a  hollow, 
cylindrical,  aluminum  cathode  and  a  planar  anode  of 
aluminum  foil,  separated  by  a  diode  gap  of  9  mm  [4].  A 
tantalum  x-ray  converter  sits  behind  the  aluminum  foil, 
and  the  lip  of  the  cathode  is  coated  with  silver  paint. 

When  Mercury  is  fired,  a  potential  difference  of 
approximately  6  MV  is  applied  across  the  diode  gap, 
resulting  in  the  emission  of  cathode  electrons  that  then 
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flow  towards  the  anode.  The  beam  is  weakly  pinched  by 
its  self-magnetic  field,  but  this  pinching  is  limited  by 
space-charge  effects  [5,  6].  A  plasma  begins  to  develop  at 
the  anode,  due  to  its  bombardment  by  the  electrons.  This 
plasma  expands,  neutralizing  the  space  charge  and 
allowing  further  pinching  of  the  beam.  A  large,  localized 
burst  of  x-ray  radiation  is  emitted  as  the  pinched  electron 
beam  hits  the  tantalum  converter.  This  burst  ends  as  the 
anode  plasma  expands  to  connect  with  a  plasma  from  the 
cathode,  causing  the  impedance  and  voltage  across  the 
diode  gap  to  collapse. 


Figure  1.  Interferometer  measurements  were  made  on  a 
planar  SMP  diode  with  a  9  mm  gap. 

B.  Quadrature  Interferometer  Optical  Configuration 

Because  the  electron  density  was  expected  to  cover  a 
wide  range  during  operation  of  the  diode,  a  quadrature 
interferometer  was  fielded  to  measure  it.  A  quadrature 
interferometer  tracks  both  the  sine  and  the  cosine  of  the 
phase  shift  due  to  the  plasma  density,  and  can  therefore 
track  phase  shifts  larger  than  nl 2  that  would  be 
ambiguous  if  only  one  trigonometric  function  of  the  phase 
shift  were  recorded. 

The  optical  arrangement  of  the  quadrature 
interferometer  is  shown  in  Fig.  2.  An  80-mW,  infrared, 
diode-pumped,  steady-state  laser  at  a  wavelength  of  1064 
nm  is  mounted  on  a  shelf  above  an  optics  table  so  that  its 
beam  is  polarized  at  45°  to  vertical.  That  beam  then 
passes  through  two  lenses  that  are  used  to  first  expand  the 
beam,  and  then  focus  it  down  to  a  small  spot  over  the  long 
distance  between  the  lenses  and  the  SMP  diode  plane. 
Nearly  all  the  probing  beam’s  power  is  focused  within  a 
1.75-mm-diameter  circle  at  the  SMP  diode  plane, 
providing  localized  measurement  of  the  plasma  density. 

Along  the  way  to  the  diode,  the  beam’s  horizontally  and 
vertically-polarized  components  are  split  by  a  polarizing 


beamsplitter  into  a  scene  beam  and  a  reference  beam, 
respectively.  The  scene  beam  will  pass  through  the 
plasma,  picking  up  a  phase  shift  that  indicates  the  electron 
density.  The  reference  beam  will  not,  so  that  the  relative 
phases  of  the  two  beams  can  be  compared  at  a  set  of 
detectors. 

The  scene  beam  is  directed  downward  by  the 
beamsplitter  to  a  mirror  at  the  height  of  the  SMP  diode 
that  steers  it  across  the  diode  gap  to  an  opposing  mirror  on 
the  other  side.  That  mirror  directs  the  beam  down  again 
to  a  mirror  at  the  level  of  components  on  the  optics  table 
that  steers  it  onto  a  50  %  beamsplitter. 

The  reference  beam  is  transmitted  by  the  polarizing 
beamsplitter  and  reflected  from  one  mirror  down  to 
another  at  the  level  of  components  on  the  optics  table. 
Along  the  way,  it  passes  through  a  quarter- wave  plate  and 
becomes  circularly  polarized.  The  mirror  at  the  level  of 
the  optics  table  is  attached  to  a  motorized  mount  that 
allows  the  reference  beam  to  be  directed  between  the 
vacuum  chamber  and  a  lead  shield.  On  the  other  side  of 
the  vacuum  chamber,  it  hits  the  50  %  beamsplitter  where 
it  is  recombined  with  the  scene  beam. 

Fine  alignment  of  the  scene  and  reference  beams  at  and 
after  the  recombining  beamsplitter  is  achieved  using 
motorized  mounts.  The  reference  beam  is  aligned  to  pass 
through  the  beamsplitter  at  the  same  spot  where  the  scene 
beam  is  reflected  using  a  motorized  mount  on  the  mirror 
that  steers  it  onto  the  beamsplitter.  The  scene  beam  is 
aligned  to  be  colinear  with  the  reference  beam  beyond  the 
beamsplitter  by  tilting  the  beamsplitter  with  a  motorized 
mount. 

The  interferometer  was  designed  so  that  the  scene  beam 
could  be  easily  moved  to  probe  along  chords  at  different 
axial  and  radial  locations,  with  a  minimum  of 
realignment.  This  was  achieved  by  bringing  the  scene 
beam  downward  in  two  increments  from  the  level  of  the 
laser  to  the  level  of  components  on  the  optical  table.  The 
intermediate  level,  the  level  of  the  chord  through  the  SMP 
diode,  is  adjustable  by  vertical  translation  of  the  two 
mirrors  on  opposing  sides  of  the  diode.  These  mirrors  are 
mounted  on  vertical  translators,  so  they  can  both  be  raised 
or  lowered  by  identical  increments. 

Axial  relocation  of  the  probing  beam  is  achieved  by 
equal  motion  of  two  horizontal  translators.  One  translator 
supports  a  tower  on  the  same  side  of  the  experiment  as  the 
laser  that  holds  both  the  polarizing  beamsplitter  and  one 
of  the  vertically-translating  mirrors.  The  second 
translator  supports  a  tower  on  the  other  side  of  the 
experiment  that  holds  a  vertically-translating  mirror  and 
the  mirror  used  to  steer  the  scene  beam  onto  the 
recombining  beamsplitter. 

In  practice,  the  scene  beam  had  to  be  steered  through 
the  center  of  the  diode  with  a  slight  downward  tilt,  to 
avoid  supporting  bars  that  ran  horizontally  across  the 
centers  of  the  windows  on  both  sides  of  the  experiment. 
The  beam  passed  over  one  bar,  through  the  center  of  the 
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beams  are  recombined 
at  50%  beamsplitter 
that  allows  scene  beam 
to  be  adjusted  using 
motorized  mount 

to  protect  personnel 
from  laser  exposure, 
optics  tables  are 
surrounded  by  black 
plastic  walls  and 
pipes  enclose  beam 
paths  between  tables 


detectors  and 
battery  inside 
screen  box  and 
lead  shielding 

amplifier  and 
battery  power 
supply  inside 
screen  box 


>-=1064  nm 
bandpass  filter 


scene  beam  reflected 
down  to  mirror  on 
optics  table  by  mirror 
on  vertical  translator 


scene  beam 
focused  to 
small  spot  at 
diode  gap 

infrared  laser 
(80  mW,  >-=1064  nm)  on 
raised  table  mounted  so 
beam  is  polarized  at  45° 


To  convert  from  quadrature  to  high-sensitivity 
operation,  laser  is  mounted  flat,  instead  of  at  45°. 
50%  and  polarizing  beamsplitters  are  switched,  quarter 
wave  plate  is  removed,  and  detectors  are  re-wired  to 
output  difference  signal,  instead  of  sine  and  cosine  of 
phase  difference  between  scene  and  reference  beams. 


reference  beam  is 
reflected  down  to 
mirror  on  optics 
table  that  can  be 
adjusted  using 
motorized  mount 


‘  reference 
beam  is 
circularly 
polarized  by 
quarter 
wave  plate 


polarizing  beamsplitter 
trasmits  vertically 
polarized  light  as 
reference  beam  and 
reflects  horizontally 
polarized  light  as  scene 
beam  down  to  mirror  on 
vertical  translator  at 
height  of  diode 


Figure  2.  Optical  configuration  of  the  quadrature  interferometer.  Changes  necessary  to  convert  to  the  high- sensitivity 
interferometer  are  indicated  in  the  box  at  the  botttom. 


diode,  and  underneath  the  other  bar.  Off-axis 
measurements  did  not  require  this  tilt,  although  most  of 
the  measurements  made  were  through  the  axis  of  the 
diode.  This  tilt  complicated  the  alignment  when  probing 
the  plasma  at  different  radial  locations,  but  would  not  be  a 
problem  on  a  chamber  with  support  bars  located  slightly 
above  and  below  the  diode.  Axial  translation  of  the  scene 
beam  was  easy  in  practice  and  required  a  minimum  of 
realignment. 

The  aligned  and  recombined  beams  pass  from  the  50  %, 
recombining  beamsplitter,  through  a  pair  of  lenses,  and 
down  a  7.5  m  pipe  to  a  large  screen  box  that  houses  the 
detector  optics  and  electronics.  The  lenses  are  used  to 
focus  the  recombined  beam  through  a  tube  mounted  over 
a  hole  in  the  wall  of  the  screen  box.  A  bandpass  filter  at 
the  laser  wavelength  is  attached  to  the  entrance  of  the 
tube,  to  filter  out  stray  light  from  the  plasma  that  would 
otherwise  be  collected  by  the  lenses  and  transmitted  along 
with  the  laser  beams.  The  screen  box  is  positioned  next  to 
the  farthest  of  the  eight  IVA  cells  from  the  SMP  diode 
chamber,  in  an  area  that  receives  very  low  x-ray  dose 
during  the  diode  pulse  (70  mR). 

The  detector  optics  are  mounted  at  45°  to  horizontal  and 
consist  of  two  polarizing  beamsplitters  mounted  in  front 
of  two  mirrors  that  reflect  incoming  light  onto  two 
photodiodes  mounted  in  a  detector  box.  Light  from  the 
scene  beam  is  horizontally  polarized,  so  it  has  equal 
components  parallel  and  perpendicular  to  the  plane  of  the 
first  beamsplitter.  The  perpendicular  component  passes 
through  the  polarizing  beamsplitter  and  is  reflected  by  one 
of  the  mirrors  onto  one  of  the  photodiodes.  The  parallel 


component  is  reflected  by  the  first  beamsplitter,  as  well  as 
the  second,  and  then  is  reflected  by  the  second  mirror  onto 
the  other  photodiode. 

The  circularly-polarized  reference  beam  consists  of 
equal  components  that  are  polarized  parallel  and 
perpendicular  to  the  plane  of  the  beamsplitters.  These 
components  are  also  temporally  out  of  phase  by  90°.  The 
parallel  and  perpendicular  components  of  the  reference 
beam  are  split  by  the  beamsplitters  and  directed  to  the 
photodiodes  in  the  same  manner  as  the  scene  beam 
components. 

C.  Detector  Operation 

Two  Perkin-Elmer  (formerly  EG&G)  SGD-444  large- 
area  photodiodes  are  biased  at  ±90  V  in  the  detector  box. 
The  intensities  of  the  combined  scene  and  reference  beam 
components  at  the  photodiodes  are 

Jx  ~[\A cos(&#  +  (/>) + \A cos(<itf )]2  (1) 

and 

J2  -  [  j  A  cos  {cot  +  (/>)  +  j  A  cos  (cot  -  n j  2)]2 ,  (2) 

where  A  is  the  amplitude  of  the  scene  or  reference  beam, 
co  =  2nd  X  is  the  angular  frequency  of  the  laser  light,  t  is 

time,  and  0  is  the  relative  phase  difference  between  the 
scene  and  reference  beams,  due  in  part  to  the  plasma 
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density.  The  equations  above  can  be  simplified,  and  the 
trigonometric  identity 

cos(#  ±  /3)  -  cos  a  cos  j3  +  sin  a  sin  j3  (3) 

can  be  used  to  separate  faster  terms  at  the  laser  frequency 
from  the  slower  phase  difference  and  constant  n  12  phase 
offset.  The  photodiodes  are  not  fast  enough  to  see 
oscillations  at  the  frequency  of  the  laser  light,  so  terms 
containing  cos 2 {cot)  average  to  one.  The  photodiode 
circuit  output  voltages  are 

Vx  =  \RCXA2  [2  + cos  (/)]  (4) 

and 

V2=\RC2A2[l  +  sm<p],  (5) 

where  R  is  the  termination  resistance  and  C7  and  C2  relate 
the  current  out  of  the  photodiode  to  a  given  input  light 
intensity.  These  voltages  are  amplified  125  times  by  three 
5x  stages  of  an  external  Stanford  Research  Systems 
SRS445  amplifier.  They  are  then  sent  from  the  detector 
screen  box  in  the  Mercury  cell  along  a  Foam-Rex  cable  to 
an  oscilloscope  in  the  neighboring  screen  room. 

The  constant  offset  terms  in  Eqs.  4  and  5  are  subtracted 
from  the  recorded  voltages,  and  the  remaining  terms  are 
normalized  to  yield  the  sine  and  cosine  of  the  phase 
difference  between  the  scene  and  reference  beams.  These 
terms  are  inverted  and  used  in  combination  to 
unambiguously  track  the  phase  as  it  passes  from  one 
phase  quadrant  to  the  next.  Typically  a  slowly-oscillating 
phase  difference  is  present  before  the  SMP  diode  pulse 
due  to  a  changing  optical  path  length  difference  between 
the  scene  and  reference  beam  paths.  This  phase 
difference  is  caused  by  mechanical  vibrations  transmitted 
to  the  optics  by  the  supporting  tables.  No  attempt  is  made 
to  isolate  the  optics  from  these  vibrations,  because  the 
resulting  phase  difference  is  an  easily- subtracted  constant 
on  the  time  scale  of  the  SMP  diode  pulse. 

The  chord-integrated  electron  number  density  is 
obtained  from  the  phase  shift  using  the  relation 

A</>  =  -redj  nedl ,  (6) 

where  A</>  is  the  phase  shift  after  the  vibration  offset  is 

subtracted  from  the  phase  difference,  r=2. 82x10 15  m  is 
the  classical  electron  radius,  A  =1064x10 9  m  is  the  laser 

wavelength,  and  j '  nedl  is  the  integral  of  the  electron 

number  density  through  the  SMP  diode  along  the 
interferometer  chord  [7]. 


sin20+cos20  ^1 


Figure  3.  The  magnitude  of  the  sine  and  cosine  of  the 
phase  shift  measured  by  the  interferometer  exceeds  one 
shortly  after  the  x-ray  pulse.  After  this  point,  the  density 
obtained  is  no  longer  reliable. 


amplified  Photodiode  2  circuit  voltage  (V) 


Figure  4.  The  raw  signals  used  to  obtain  the  sine  and 
cosine  of  the  phase  shift  measured  by  the  interferometer 
leave  the  circular  Lissajous  figure  as  the  scene  beam  is 
likely  refracted  during  the  SMP  diode  pulse. 

D.  Quadrature  Interferometer  Results 

Figure  3  shows  the  data  obtained  for  a  typical  SMP 
diode  pulse.  The  x-ray  pulse  detected  by  a  photodiode 
3.25  m  away  from  the  SMP  diode  is  shown  in  blue.  The 
timings  of  the  other  signals  are  referenced  to  its  rise  at 
time=0.  The  raw  electron  density  obtained  from  the 
photodiode  voltages  is  shown  in  gray,  along  with  the 
smoothed  density,  initially  plotted  in  dark  green  and  later 
in  magenta.  The  magnitude  of  the  sum  of  the  squares  of 
the  normalized  photodiode  voltages  is  also  shown  in  light 
green  and  red.  This  magnitude  is  equivalent  to 

sin2  (/)  +  cos2  (/) ,  and  should  always  equal  one. 

Initially  the  density  and  the  photodiodes’  magnitude 
hover  around  zero  and  one,  respectively,  with  the 
exception  of  the  signal  noise.  During  the  x-ray  pulse, 
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however,  the  chord-integrated  density  rises  to  5  -  8xl015 
cm2  while  the  photodiodes’  magnitude  remains 
approximately  one.  At  the  end  of  the  x-ray  pulse,  the 
photodiodes’  magnitude  increases  above  one  as  the 
density  continues  to  rise.  Beyond  this  point  the  density 
obtained  from  the  photodiode  signals  is  no  longer  reliable, 
and  the  colors  of  the  magnitude  and  density  signals  have 
been  changed  to  red  and  magenta  to  reflect  this  transition. 
It  has  been  theorized  that  a  plasma  front  with  a  large 
density  gradient  passes  through  the  interferometer  beam  at 
this  time,  causing  significant  refraction  and  phase  mixing 
of  the  scene  beam  and  rendering  the  signals  from  the 
interferometer  unusable. 

Additional  insight  into  this  behavior  is  gained  by 
looking  at  the  Lissajous  figure  obtained  by  plotting  the 
raw  photodiode  voltages  against  each  other.  Figure  4 
shows  the  Lissajous  figure  plotted  in  blue  on  a  long  time 
scale,  before,  during,  and  after  the  SMP  diode  pulse.  The 
Lissajous  signal  is  plotted  on  a  shorter  time  scale  during 
the  SMP  diode  pulse,  in  green  and  red  before  and  after 
refraction,  respectively.  On  the  long  time  scale,  the 
Lissajous  pattern  is  a  circle,  until  the  effects  of  the  SMP 
diode  x-rays  on  the  laser  head  cause  the  photodiode 
signals  to  crash  to  zero.  The  shorter- time  signal  follows 
the  circle  initially,  but  leaves  it  as  the  beam  is  refracted, 
another  indication  that  the  phase  shift  and  density 
measurements  have  become  unreliable. 


Figure  5.  A  drop  in  the  scene  beam  intensity  occurs  at 
some  point  during  or  after  the  x-ray  pulse,  depending  on 
the  measurement  location.  X-ray  pickup  is  visible  in  both 
photodiode  traces. 

Figure  5  shows  the  result  when  the  polarizing 
beamsplitters  in  front  of  the  photodiodes  were  removed 
and  the  scene  and  reference  beams  were  steered  to 
separate  photodiodes.  The  reference  beam  intensity,  in 
red,  remains  constant  except  for  a  small  peak  at  the  time 
of  the  x-ray  pulse,  plotted  in  green.  This  peak  is  a 
spurious  signal  caused  by  x-rays  hitting  the  photodiode 
and  bias  battery.  For  later  pulses,  this  x-ray  peak  was 
eliminated  by  increasing  the  lead  shielding  around  the 
photodiodes  and  moving  the  the  battery  from  outside  to 
inside  the  lead  shielding,  as  shown  in  Fig.  2. 


The  scene  beam  intensity,  in  blue,  remains  constant 
until  well  after  the  x-ray  pulse.  In  this  case  the  scene 
beam  was  located  axially  half  way  between  the  anode  and 
cathode,  at  the  radius  of  the  cathode  lip.  It  is  likely  that 
the  observed  drop  in  the  scene  beam  intensity  is  what 
causes  the  interferometer  signal  to  leave  the  circular 
Lissajous  in  Fig.  4  and  become  unreliable.  The  time  at 
which  the  signals  leave  the  circle  changes  as  the  probing 
beam  is  moved.  The  earliest  departure  occurs  halfway 
through  the  x-ray  pulse,  with  the  beam  closest  to  the 
anode.  This  suggests  that  the  high  density  gradient 
believed  to  be  responsible  originates  there. 


Figure  6.  Chord-integrated  electron  densities  of  order 
1015  cm2  were  observed  2.5  mm  away  from  both  the 
anode  and  the  cathode  beginning  at  the  same  time  as  the 
leading  foot  of  the  x-ray  pulse. 

Figure  6  shows  chord-integrated  density  data  from  shots 
taken  with  the  interferometer  beam  2.5  mm  from  the 
cathode  and  2.5  mm  from  the  anode  in  blue  and  green, 
respectively.  The  x-ray  pulse  and  diode  impedance 
calculated  from  the  measured  current  and  voltage  are  also 
shown,  for  the  SMP  diode  pulse  with  the  beam  closer  to 
the  cathode.  It  should  be  noted  that  this  is  the  same  pulse 
shown  in  Figs.  3  and  4. 

Both  densities  begin  to  rise  at  the  same  time  as  the  foot 
before  the  main  x-ray  pulse,  well  after  current  begins  to 
flow  through  the  diode.  The  cathode  density  rises  steeply 
to  plateau  at  5x1 015  cm  2  by  the  beginning  of  the  main  x- 
ray  pulse.  The  anode  density  rises  to  a  slightly  lower 
value,  before  dipping  slightly  and  then  rising  to  the  value 
of  the  cathode  density  at  peak  x-ray  emission.  Beyond 
this  point,  the  photodiode  signals  associated  with  the 
anode  density  leave  the  Lissajous  circle,  and  the  density  is 
no  longer  reliable.  The  photodiode  signals  for  the  cathode 
density,  however,  remain  valid  until  the  x-ray  pulse  has 
subsided.  The  density  at  the  cathode  rises  to  a  value  of 
8xl015  cm 2  as  the  x-ray  power  drops. 
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III.  PLASMA-FILLED  DIODE 
MEASUREMENTS  WITH  A  HIGH- 
SENSITIVITY  INTERFEROMETER 

A.  High-Sensitivity  Optical  Configuration 

The  interferometer  was  converted  from  quadrature  to 
high-sensitivity  operation  to  measure  the  density  of 
several  plasma-filled  diode  configurations.  As  noted  in 
the  box  in  Fig.  2,  the  conversion  is  accomplished  by 
mounting  the  laser  flat,  instead  of  at  45°.  The  locations  of 
the  50  %  and  polarizing  beamsplitters  are  switched,  and 
the  quarter-wave  plate  is  removed.  A  switch  in  the 
detector  box  is  used  to  short  the  cathode  of  one  diode  to 
the  anode  of  the  other  to  output  their  difference  signal, 
instead  of  the  sine  and  cosine  of  the  phase  shift.  Only  one 
detector  box  output  signal  is  recorded. 

In  the  high-sensitivity  configuration,  the  scene  and 
reference  beams  are  linearly  polarized  in  the  horizontal 
and  vertical  directions,  at  ±45°  to  the  plane  of  the 
polarizing  beamsplitters  in  front  of  the  detectors.  When 
the  perpendicular  and  parallel  components  are  passed  and 
reflected  by  the  beamsplitters  to  the  first  and  second 
photodiodes,  respectively,  the  components  at  the  first 
photodiode  are  180°  out  of  phase  relative  to  those  at  the 
second  photodiode.  The  photodiode  currents  are  then 

/,  =\CXAL  [2-cos^]  (7) 

and 

1 2  =  j  C2A2  [ 2  +  cos  (f>\  (8) 

These  currents  are  then  subtracted  by  the  photodiode 
bridge  circuit  to  eliminate  the  constant  leading  term  and 
yield  an  output  current  proportional  to  2cos  0  that  is 

terminated  and  amplified  as  before. 

The  cosine  function  is  most  sensitive  to  changes  in 
phase  near  (0  =  #/2,  cos  0=0),  so  the  Mercury  generator 

is  triggered  off  a  zero  crossing  of  the  interferometer  for 
maximum  sensitivity.  The  high- sensitivity  interferometer 
is  better  than  the  quadrature  interferometer  for  measuring 
small  phase  shifts  because  the  wiring  of  the  photodiodes 
doubles  the  output  signal,  and  because  the  constant  offset 
associated  with  the  quadrature  signals  has  been 
eliminated,  allowing  greater  amplification  to  be  used. 

B.  High-Sensitivity  Interferometer  Results 

The  high- sensitivity  interferometer  was  used  to 
investigate  an  SMP  diode  with  a  low-density  plasma  pre¬ 
fill  injected  through  a  small  hole  in  the  anode.  As  shown 
in  magenta  in  Figure  7,  a  plasma  with  a  chord-integrated 
electron  density  that  rises  to  approximately  2xl014  cm2 
was  injected  by  the  plasma  gun  anode,  as  measured  by  the 
high- sensitivity  interferometer  near  the  cathode,  without 
firing  the  Mercury  generator. 
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Figure  7.  The  diode  impedance  was  halved  and  the  x-ray 
yield  was  much  reduced  for  an  SMP  diode  with  an  initial 
chord-integrated  plasma  pre-fill  density  of  1014  cm  2.  The 
interferometer  signal  during  the  SMP  diode  pulse,  shown 
in  green,  was  overwhelmed  by  electrical  noise. 

Measurement  of  the  density  during  a  diode  pulse  was 
attempted  by  firing  the  Mercury  generator  during  the  rise 
in  the  plasma-gun  density,  at  a  time  corresponding  to  a 
density  of  approximately  1014  cm  2.  The  density  obtained 
from  the  interferometer  signals  during  the  pulse,  shown  in 
green,  is  rendered  useless  by  overwhelming  electrical 
noise.  The  diode  gap  impedance  peaked  at  about  25  £2 , 
half  the  impedance  of  a  typical  SMP  diode  pulse,  and  the 
x-ray  yield  was  greatly  reduced.  A  similar  plasma-filled 
diode  fired  at  a  chord-integrated  density  of  1013  cm'2  had  a 
peak  impedance  of  the  usual  50  £2 ,  and  an  x-ray  yield 
somewhere  between  that  of  the  25  £2 ,  plasma-filled  case, 
and  the  vacuum  SMP  diode  case.  Thus  it  appears  that  a 
plasma  pre-fill  of  1014  cm  2  has  a  significant  effect  on  the 
operation  of  an  SMP  diode. 


IV.  DISCUSSION  AND  CONCLUSIONS 

As  mentioned  earlier,  the  environment  associated  with 
radiographic  diodes  is  a  difficult  one  in  which  to  make 
density  measurements  by  interferometry.  Plasma  emission 
was  not  a  problem  when  a  bandpass  filter  was  used  at  the 
entrance  tube  on  the  detector  screen  box.  The  effects  of 
spurious  x-ray  signals  were  largely  eliminated  by  the 
addition  of  at  least  four  inches  of  lead  around  the 
detectors  and  battery,  and  by  locating  the  detector  screen 
box  away  from  the  diode  end  of  the  machine.  Electrical 
noise  was  a  significant  problem,  especially  with  the  high- 
sensitivity  interferometer,  primarily  because  the  amplifier 
used  with  the  photodiode  signals  becomes  nonlinear  at  ±1 
V  and  saturates  at  ±2  V.  Thus  the  signal  level  was  limited 
to  be  much  lower  than  that  of  a  typical  x-ray  photodiode, 
for  example.  Locating  the  interferometer  photodiodes  in 
the  screen  room  and  using  a  more  powerful  laser  would 
be  the  best  way  to  overcome  the  problems  of  background 
x-ray  and  electrical  noise. 
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Other  phenomena,  such  as  the  interaction  of  x-rays  and 
electrons  with  the  vacuum  tank  windows,  have  been 
previously  observed  to  cause  measurable  phase  shifts 
when  making  interferometer  measurements  on  pulsed- 
power  plasmas  [8].  Further  refinements  are  possible  to 
ensure  that  the  measured  phase  shift  is  entirely  due  to  the 
electron  density  in  the  diode. 

What  is  believed  to  be  significant  refraction  and  phase 
mixing  of  the  scene  beam  remains  the  most  difficult 
problem  to  overcome  in  making  density  measurements  of 
radiographic  diodes.  One  possible  solution  to  this 
problem  is  to  use  a  laser  wavefront  analyzer  (LWA)  to 
determine  the  plasma  density  by  measuring  the  refraction 
of  the  scene  beam  [9].  In  the  case  of  the  current  research, 
however,  the  quadrature  interferometer  was  sensitive 
enough  to  pick  up  a  phase  shift  before  this  problem 
occurred.  This  measured  phase  shift  corresponds  to  an 
electron  density  of  5xl015  cm  3,  assuming  the  path  length 
of  the  probing  laser  beam  through  the  diode  is  1  cm,  the 
approximate  cathode  diameter. 

As  previously  noted,  electrical  noise  rendered  the  signal 
from  the  high- sensitivity  interferometer  unusable  during 
an  SMP  diode  pulse  initiated  with  a  pre-fill  plasma.  Its 
increased  sensitivity  was  essential,  however,  when  tuning 
the  plasma  gun  used  to  inject  the  pre-fill.  The  high- 
sensitivity  interferometer  was  able  to  resolve  chord- 
integrated  pre-fill  densities  on  the  order  of  1014  cm2  that 
were  observed  to  significantly  reduce  the  x-ray  yield  and 
impedance  of  the  diode. 

The  results  described  represent  significant  progress  in 
the  effort  to  overcome  the  challenges  associated  with 
measuring  the  electron  density  of  radiographic  diodes. 
Further  refinements  have  been  suggested  to  improve  on 
the  reported  measurements  and  allow  a  thorough 
investigation  of  the  role  played  by  electrode  plasmas  in 
SMP  diode  impedance  collapse. 
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